Previous work has shown that Trametes (Coriols) versicolor bleaches kraft pulp brownstock with the concomitant release of methanol. In this work, the fungus is shown to produce both laccase and manganese peroxidase (MnP) but not lignin peroxidase during pulp bleaching. MnP production was enhanced by the presence of pulp and/or Mn(H) ions. The maximum level of secreted MnP was coincident with the maximum rate of fungal bleaching. Culture filtrates isolated from bleaching cultures produced Mn(lI)-and hydrogen peroxide-dependent pulp demethylation and delignification. Laccase and MnP were separated by ion-exchange chromatography. Purified MnP alone produced most of the demethylation and delignification exhibited by the culture filtrates. On the basis of the methanol released and the total and phenolic methoxyl contents of the pulp, it appears that MnP shows a preference for the oxidation of phenolic lignin substructures. The extensive increase in brightness observed in the fungus-treated pulp was not found with MnP alone. Therefore, either the MnP effect must be optimized or other enzymes or compounds from the fungus are also required for brightening.
The white rot fungus Trametes (Coriolus) versicolor delignifies and bleaches kraft pulp (36, 41) . However, the process is rather slow compared with chemical bleaching (days instead of hours), and the cellulose in the pulp is also attacked. To overcome these drawbacks of the fungal process, we have attempted to determine the enzymology of fungal delignification and then to apply directly the relevant enzymes to pulp. Laccase, a copper-containing polyphenol oxidase (42) that is produced abundantly by the fungus during bleaching, delignifies kraft pulp, but this process could be demonstrated only in the presence of 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), a commonly used assay substrate for the enzyme (12, 13) . No naturally occurring analog of ABTS has been identified in the fungal pulp-bleaching system to date (13) . Both the fungus and the combination of laccase and ABTS demethylate pulp before and during delignification; in the absence of ABTS, methanol release and delignification by laccase are greatly reduced.
Lignin peroxidase and manganese peroxidase (MnP) have both been implicated in lignin biodegradation by Phanerochaete chrysosporium and T. versicolor (14, 22, 24, 44) . Lignin peroxidase from P. chrysosporium has been reported to bleach kraft pulp (15) and to facilitate subsequent chemical bleaching (5, 35) . However, it seems unlikely that lignin peroxidase is involved in kraft pulp bleaching by T. versicolor, since the enzyme is not detected during bleaching (7, 25) , the enzyme is strongly inhibited by fungal culture bleaching liquor, and fungal bleaching is not inhibited by metavanadate ions, inhibitors of lignin peroxidase (6) .
MnP was first discovered in P. chrysosporium (26, 37) , and there is now increasing evidence that this enzyme plays a role in lignin depolymerization (48) . The Mn-induced enzyme oxidizes Mn(II) to Mn(III) which, in chelated form, is capable of oxidizing many simple phenolic compounds (9) and phenolic lignin substructures (45, 47) . In the presence of * Corresponding author. thiols, nonphenolic lignin substructures are also oxidized (17, 49) .
There are now several reports of lignin-degrading fungi that secrete laccase and MnP but not lignin peroxidase. These include Dichomitus squalens (38) , Lentinus edodes (29) , Rigidoporus lignosus (18) , and Stereum hirsutum (33) . D. squalens and S. hirsutum have been shown to bleach kraft lignin (33) . Recently, MnP was found to depolymerize synthetic lignin (48) and to degrade high-molecular-weight chlorolignin (27, 31) . In this work, we show that MnP is produced by bleaching cultures of T. versicolor, that the peak production of the enzyme occurs at the same time as the maximum rate of fungal culture bleaching, and that manganese-and peroxide-dependent demethylation and delignification of kraft pulp occur in vitro. (4) .
MATERIALS AND METHODS
Glucose oxidase activity was determined by the peroxidase-coupled production of hydrogen peroxide in the presence of glucose (11) . Catalase Methanol determination. The methanol concentration in the pulp treatment supernatants was determined by gas chromatography as described by Ni et al. (34) . Aliquots from supernatants were clarified with activated charcoal, filtered with a 0.45-,um-pore-size filter, and analyzed on a Chromosorb 102-packed column. The injection, oven, and flame ionization detector temperatures were 130, 120, and 150°C, respectively, and the helium flow rate was 30 ml/min. Methanol standards were linear in a range of 2 to 50 mg/liter, and the detection limit was 1 mg/liter.
Methoxyl determination. Pulp samples were freeze-dried and ground to pass through a 20-mesh screen in a Wiley mill. The total methoxyl content was determined by a microZeisel method (32) . The number of methoxyl groups adjacent to a phenolic hydroxyl group was determined on the basis of periodate oxidation (28) .
RESULTS
MnP production during fungal bleaching. Fungal cultures bleaching hardwood kraft pulp were monitored for MnP activity. Peak production of the enzyme occurred 3 days after fungal inoculation (Fig. 1) , coincident with the maximum rate of bleaching. No lignin peroxidase was detected during the 7-day bleaching period. MnP production was also monitored during fungal inoculum growth prior to bleaching. MnP production in the inoculum was stimulated by the presence of pulp and/or Mn(II) ( by monokaryons (52J and 52D) derived from the dikaryon used here (52P) is described in a companion paper (1) . Hydrogen peroxide destruction by catalase was used to determine whether the observed fungal demethylation and delignification were H202 dependent. The daily addition of catalase partially inhibited methanol release from the softwood kraft pulp (Fig. 2) . The decrease in the kappa number caused by the fungus was also somewhat smaller in the presence of catalase. The results obtained with hardwood kraft pulp were similar (data not shown). The addition of catalase to the standard MnP assay completely inhibited the formation of Mn(III)-malonate by MnP. However, when hydrogen peroxide in the MnP assay was generated by glucose (10 mM) and glucose oxidase (0.025 U/ml), the addition of catalase only slowed Mn(III)-malonate formation by approximately fourfold. Thus, it is possible that MnP produced during bleaching can still function, although at a slower rate, in the presence of catalase if hydrogen peroxide is produced continuously by the fungus.
Effect of fungal enzymes on bleaching. Fungal enzymes secreted at day 7 of inoculum growth with 0.25% pulp and 0.2 mM MnSO4 were centrifuged free of biomass and concentrated by ultrafiltration. The filtrate contained both MnP and laccase activities (Table 1 ). In the presence of Mn(II), malonate, glucose, and glucose oxidase, the concentrate produced demethylation and delignification of hardwood kraft pulp (Fig. 3) . The brightness of the pulp, however, was only changed marginally. Fiber strength, as measured by zero-span breaking length, was maintained during the 5-day treatment (data not shown). Methanol release and kappa number reduction were manganese ion dependent and required a source of hydrogen peroxide (Table 3) . Hydrogen peroxide was either generated from glucose and glucose oxidase or added as a dilute solution. However, hydrogen peroxide was inhibitory at a high concentration ( Table 4) . The enzymes produced methanol fastest in the presence of a continuously added low feed (-2.5 mM/day) of hydrogen peroxide.
Mn(III) chelates, produced by the action of MnP, have a wide range of redox potentials dependent on both the structure and the concentration of the chelator (21, 46) . Table 5 shows the effect of various chelator concentrations and species. The same methanol release and kappa number could be obtained whether malonate was present or not. Oxalate, EDTA, and DTPA all inhibited the enzyme action. Since unchelated Mn(III) is a powerful and unstable oxidant, it seems probable that one or more effective chelators must already be present in the pulp or in the crude enzyme preparation; the most likely is gluconic acid derived from the oxidation of glucose by glucose oxidase.
Effect of purified MnP and laccase on pulp. A concentrated supernatant from T. versicolor cultures was fractionated by Mono Q ion-exchange chromatography into separate peaks of laccase, MnP, and CBQase activities. MnP peak II, the second of two resolved peaks of MnP, was free of detectable laccase activity (Fig. 4) ' and was tested, alone and in combination with laccase peak I, in pulp bleaching. The results 30 a Experimental conditions were as follows: pulp (4 g) in 200 ml of 50 mM sodium malonate buffer (pH 4.5) was incubated at 25°C with MnP (0.43 AOD/min/ml), glucose oxidase (0.025 U/ml), MnSO4, and glucose for 24 h.
b Original kappa number for hardwood kraft pulp, 13.6.
( Table 6 ) indicate that partially purified MnP alone produced most of the demethylation and delignification exhibited by the culture filtrate.
In studies with lignin substructure model compounds, it was found previously that MnP-Mn(III) chelate systems could only oxidize phenolic substructures (23) or aromatic rings containing three or four methoxyl substituents (39) . To investigate the lignin substrate range of MnP in kraft pulp, we determined the total methoxyl and phenolic methoxyl contents of pulps before and after enzyme treatment. The results (Table 7) show that for hardwood pulp, MnP and, to a lesser extent, laccase removed methoxyl groups from the phenolic rings of the residual lignin, consistent with the reported ability of Mn(III) chelates to oxidize the adjacent hydroxyl and methoxyl groups and guaiacol (9) . The total amount of methoxyl lost from the pulp was not significantly larger than the amount of methoxyl lost from the phenolic rings; thus, there is no evidence of demethylation of nonphenolic residues. The amount of methanol released from the pulp by the enzyme was smaller than the amount of methoxyl removed from the pulp. It is possible that some aromatic rings were removed from the lignin with their methoxyl groups still attached. The results for black spruce pulp were similar, although laccase alone was unable to demethylate the pulp under these conditions. DISCUSSION T. versicolor produces both laccase and MnP during bleaching of kraft pulp, while lignin peroxidase is usually not detectable. We showed previously (13) a Experimental conditions were as described in Table 3 , footnote a, but with 2.5 mM glucose and 0.5 mM MnSO4.
b Original kappa number for hardwood kraft pulp, 13.6. can be more powerful oxidants than laccase, as judged by their oxidation of various methoxybenzenes (39 (10) , and dicarboxylic acid chelators are abundantly produced during kraft pulp production (2) . Also, white rot fungi produce hydrogen peroxide (16) , and T. versicolor secretes a variety of Mn chelators in the presence of pulp (7, 43) . The availability of these three components provides the potential for a renewable flux of Mn(III) chelates in vivo. However, the extensive delignification and brightening observed with the fungus were not achieved with isolated MnP. Even if the in vitro MnP effect can be optimized, it seems likely that other enzymes and substances, not active or stable in the crude culture supernatant under the conditions used here, are required for extensive brightening.
The rapid demethylation of residual lignin by MnP with no effect on fiber strength may be of practical interest. Also, the known substrate range of MnP can be extended with thiols (17, 49) and is substantially affected by the concentration, ratio, and nature of the chelator, which may allow enhanced delignification. On the negative side, the enzyme would be expensive to produce at present, although cloning studies are promising (3, 20) . The sensitivity of the enzyme to hydrogen peroxide may also be a problem. However, the pulp and paper industry is very experienced in the application of both hydrogen peroxide and chelators and may eventually find a role for MnP in bleaching, as it has for other enzymes (40) . a Experimental conditions were as described in Table 6 , footnote a, except that laccase was in 0.05 M Na acetate buffer (pH 5). Data are means of two to four determinations. Within each column, numbers followed by the same letter are not significantly different at the 95% probability level, as determined by the Student-Newman-Keuls test.
